The spatial and temporal expression of steroidogenic genes in zebrafish has not been fully characterised. Because zebrafish are increasingly employed in endocrine and stress research, a better characterisation of steroidogenic pathways is required to target specific steps in the biosynthetic pathways. In the present study, we have systematically defined the temporal and spatial expression of steroidogenic enzymes involved in glucocorticoid biosynthesis (cyp21a2, cyp11c1, cyp11a1, cyp11a2, cyp17a1, cyp17a2, hsd3b1, hsd3b2), as well as the mitochondrial electron-providing ferredoxin co-factors (fdx1, fdx1b), during zebrafish development. Our studies showed an early expression of all these genes during embryogenesis. In larvae, expression of cyp11a2, cyp11c1, cyp17a2, cyp21a2, hsd3b1 and fdx1b can be detected in the interrenal gland, which is the zebrafish counterpart of the mammalian adrenal gland, whereas the fdx1 transcript is mainly found in the digestive system. Gene expression studies using quantitative reverse transcriptase-PCR and whole-mount in situ hybridisation in the adult zebrafish brain revealed a wide expression of these genes throughout the encephalon, including neurogenic regions. Using ultra-high-performance liquid chromatography tandem mass spectrometry, we were able to demonstrate the presence of the glucocorticoid cortisol in the adult zebrafish brain. Moreover, we demonstrate de novo biosynthesis of cortisol and the neurosteroid tetrahydrodeoxycorticosterone in the adult zebrafish brain from radiolabelled pregnenolone. Taken together, the
| INTRODUC TI ON
Glucocorticoids such as cortisol and corticosterone are steroid hormones mainly produced by the adrenal cortex in mammals and the interrenal gland in teleosts. They are key regulators of vertebrate body homeostasis, including the physiological responses to stress.
Several key steps of glucocorticoid biosynthesis are facilitated by cytochrome P450 enzymes (CYPs) and hydroxysteroid dehydrogenases (HSDs). Importantly, both the enzymatic functions of CYP11A1, catalysing the rate-limiting step of steroidogenesis, and CYP11B1, catalysing the final step of glucocorticoid biosynthesis, crucially depend on electron transfer from NADPH via ferredoxin reductase (FDXR) and the iron sulphur protein ferredoxin (FDX1) ( Figure 1A ).
1,2
The central nervous system is a key target of steroid hormones in all vertebrates. However, the brain is also a site of de novo steroidogenesis. 3, 4 These steroids synthesised in the central nervous system are called neurosteroids and are considered to be important for brain development and homeostasis, 5 neuroprotection 6 and neurogenesis. 7, 8 Glucocorticoids and the neurosteroid tetrahydrodeoxycorticosterone (THDOC) play key roles in brain homeostasis by modulating, for example, the expression of subunits of γ-GABA receptors, 9, 10 or by regulating glutamate and GABA synapse-specific retrograde transmission in the hypothalamus. 11 They also target a wide variety of cells across the central nervous system, including neurones as well as neural progenitors, 12 suggesting a role in neurogenesis. However, little is known about the underlying mechanisms by which neurosteroids, mediate homeostatic and pathobiological processes in the brain.
Vertebrate model organisms such as the zebrafish have a significant potential to provide novel insights into such mechanisms. The zebrafish is a well-established model for studying vertebrate development and disease, 13 and allows the performance of in vivo high throughput molecule screenings 14 and the analysis of brain function and regeneration as a result of its high regenerative capacity compared to mammals. 15, 16 In recent years, zebrafish have increasingly been used as a model for endocrine physiology and disease because its endocrine system shares a high degree of similarities with the human endocrine system. Similar to humans, zebrafish are day active and their main glucocorticoid is cortisol. 17 In zebrafish, cortisol is produced by the interrenal gland, the zebrafish counterpart of the human adrenal gland, 18, 19 and is released upon stress to induce cortisol-mediated gene transcription. [20] [21] [22] Given the similarities of the zebrafish endocrine system to that of the human, the zebrafish appears to be a good model for studying the role of glucocorticoids and stress during early development and its impact in adulthood. 17, 23 However, as a result of a genome duplication event that occurred in teleosts approximately 350 million years ago, 24, 25 zebrafish can have two or more copies of a gene unique in mammals with either similar or distinct functions. 26 This gene duplication event also involved some (but not all) genes of glucocorticoid biosynthesis. Previous studies have analysed the expression of key enzymes of steroidogenesis (Cyp11, Hsd3b, Cyp17) in the adult zebrafish brain 7, 27 ; however, it is not clear from these studies which of the corresponding paralogues were analysed. More recently, novel insights into the expression and/or role of these steroidogenic enzymes, as well as their corresponding paralogues, were obtained in zebrafish. [28] [29] [30] [31] This clearly emphasises the importance of a precise characterisation of the zebrafish paralogues and their role in steroidogenesis. Thus, further in-depth analysis for those genes and particularly their paralogues in the adult zebrafish brain is required to facilitate the correct targeting of steps in the biosynthetic pathways in the future.
By applying a transcriptional analysis, in the present study, we describe the spatio-temporal expression profiles of the steroidogenic genes involved in glucocorticoid biosynthesis, namely cyp11a1, cyp11a2, cyp17a1, cyp17a2, hsd3b1, hsd3b2, cyp21a2, cyp11c1 and the ferredoxin (fdx) co-factors (fdx1, fdx1b) during zebrafish development.
Furthermore, we report the wide distribution of these genes in the adult zebrafish brain, including their expression in many neurogenic re- 
| Phylogenetic analysis
The protein sequences of the examined genes (see Supporting information, Table S1 ) were identified from a literature search and using ENSEMBL v84 (GRCz10) (http://www.ensembl.org). The phylogenetic analysis was carried out with the corresponding protein sequences of the examined genes in humans (Homo sapiens, hs), mice (Mus musculus, mm) and zebrafish (Danio rerio, dr) on the Phylogeny.
fr platform (http://www.phylogeny.fr) as reported previously, 33 using the standard settings of the "advanced" phylogeny analysis option.
| Transcriptome studies
Raw count data from the RNA-Seq/DeTCT based study to assess gene expression during zebrafish development 34 
| Quantitative real-time PCR
Brain tissue (one brain per sample, n = 6) were sampled in liquid nitrogen and then homogenised with micropestles (Eppendorf, Table S2 ) and 1 μL of cDNA (dilution 1:5), using an ABI 7500 sequence detection system (Applied Biosystems). β-actin was used as a normalisation control (see Supporting information, Table S2 ).
| Fixation of embryos and adult brain organs
Larvae (120 hpf) were fixed overnight at 4°C in 4% paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4). The next day, they were stepwise dehydrated in a methanol/PBS concentration series before being stored at −20°C in 100% methanol until use.
Male fish (6-12 months of age) were first anaesthetised in 0.02% 
| Generation of probes and whole-mount in situ hybridisation
The templates for digoxigenin (DIG)-labelled RNA probe synthesis were linearised plasmids. The whole-mount in situ templates were cloned by performing a standard PCR using a cDNA mixture of embryonic (24 hpf) and larval (120 hpf) cDNA and gene-specific primers (see Supporting information, Table S3 ). The resulting PCR products were subcloned into the pGEMT-Easy vector (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. For DIG-labelled RNA synthesis, the templates were linearised with the respective digestion enzymes to obtain sense and anti-sense direction. Digoxigenin (#11277073910; Roche, Basel, Switzerland) labelled probe synthesis and in situ hybridisation as a spatial analysis on 120 hpf larvae (n ≥ 10) and whole adult brain vibratome slices (n = 3 brains; 50 μm thickness) were performed as described previously. 36 Although the staining time of the respective sense and anti-sense probes for a gene of interest was identical, the staining time between the analysed genes varied to allow the best possible staining of each gene. Sense probes are not considered to be a proper control for all genes because they can result in staining as a result of antisense transcription at the targeted genomic locus. 37, 38 In the case of the corresponding sense probe leading to a staining, an alternative non-overlapping antisense probe was used for the same gene to confirm the specificity of the staining.
For bright field microscopy, images were acquired using a compound microscope (DFC29D; Leica Microsystems, Wetzlar, Germany). Images were adjusted for brightness and contrast in photoshop cs5 (Adobe Systems, San Jose, CA, USA).
| Steroid measurements
Steroid measurements in adult zebrafish were conducted as fol- Steroids were separated and quantified using an Acquity UPLC system (Waters, Milford, USA) coupled to Xevo TQ-S tandem mass spectrometer (Waters). Chromatographic separation was achieved using a UPLC high strength silica T3 column (2.1 × 50 mm, 1.8 μm) (Waters) as described previously. 39 The analysis of de novo synthesis of cortisol and THDOC in zebrafish brain was carried out as described previously. 7 Briefly, brains of 12 months old zebrafish (14 brains per sample) were freshly dis- 
| RE SULTS

| Spatio-temporal expression of genes of glucocorticoid biosynthesis and fdx co-factors
A comprehensive search for all potential zebrafish (D. rerio, dr) orthologues of the human (H. sapiens, hs) and mouse (M. musculus, mm) glucocorticoid biosynthetic and fdx co-factor genes showed that zebrafish have only a single gene copy (cyp21a2) for 21-hydroxylase (CYP21A2) ( Figure 1B ). Furthermore, a single CYP11B-like gene is present in the zebrafish genome, namely cyp11c1 20 ( Figure 1B ). Two paralogues can be found for the human CYP11A1 genes, cyp11a1 and cyp11a2. 28, 40, 41 Two paralogues can also be found for the human CYP17A1 (17α-hydroxylase) genes, cyp17a1 and cyp17a2 ( Figure 1B ). cyp17a1 facilitates both the 17α-hydroxylation and 17,20-lyase reactions, whereas cyp17a2 is only able to 17α-hydroxylate steroid hormones precursors. 31 In the case of the HSD3B genes, the situation is more complex because there is one orthologue in zebrafish, hsd3b1 ( Figure 1C ), for the duplicated human HSD3B1 and HSD3B2 genes. The hsd3b2 gene appears to be a zebrafish-specific gene duplication. 30 In addition, two orthologues, fdx1 and fdx1b, 29 for the human FDX1 are present in the zebrafish ( Figure 1D ). Phylogenetic analysis demonstrates that all zebrafish protein sequences of the examined genes group together with their corresponding human and mouse orthologues and for cyp17a2 at 75% epiboly ( Figure 1H ). cyp17a1 transcript levels increase with segmentation until the primordium stages and then slightly decrease again ( Figure 1G ), whereas cyp17a2 transcript levels are lower at segmentation stages and constantly in- 
and cyp11c1 (L) and the ferredoxin genes fdx1 (M) and fdx1b (N) in whole embryos/larvae during zebrafish development between zygote stage (1-cell) to 120 h post fertilisation (hpf) 
epiboly stage ( Figure 1J ). hsd3b2 transcript levels decrease at the 4 somites stage and remain very low ( Figure 1J ). The hsd3b2 transcript patterns are consistent with the described role of hsd3b2 in early embryogenesis. 30 cyp21a2 transcript is almost undetectable until primordium-5 (24 hpf) ( Figure 1K ). After primordium-5 cyp21a2 expression constantly increases and peaks at around 96-120 hpf ( Figure 1K ). cyp11c1 transcript levels are low until the dome stage, increase during gastrulation (50% epiboly, shield, 75% epiboly), then again slightly decrease during segmentations stages (4 somites, 19 somites, 25 somites) ( Figure 1L ). After primordium-5
(24 hpf) transcript levels of cyp11c1 increase and reach a peak at around 72-120 hpf ( Figure 1L ). fdx transcripts can be detected at all analysed stages ( Figure 1M,N) . However, in contrast to the overall higher transcript levels of fdx1 at early stages with a peak at the zygote (1-cell stage) and cleavage (2-cell) stages ( Figure 1M ), fdx1b
transcript levels peak at gastrulation (50% epiboly, shield, 75% epiboly) stages and after primordium-15 (30 hpf) ( Figure 1N ). Thus, all analysed genes involved in glucocorticoid biosynthesis are expressed within the initial days of zebrafish development. cyp11a1, cyp17a1, hsd3b1 and fdx1 exhibit strong maternal contribution, whereas their corresponding paralogues are mainly zygotically expressed.
The organ-specific expression of the steroidogenic genes involved in glucocorticoid biosynthesis and the fdx co-factors during zebrafish development was analysed by whole-mount in situ hybridisation. We focused our study on a larval stage (120 hpf) because organ-development, cortisol biosynthesis and a functional stress axis leading to cortisol-mediated gene expression is fully established at this point of development. 17, 21, 42 Our results showed no staining for the cyp11a1, cyp17a1 and hsd3b2 probes at this larval stage ( Figure 2A1 ,D1,H1; see also Supporting information, Figure S1 ), whereas a clear staining was observed in the larval interrenal gland for cyp11a2, cyp11c1, cyp17a2, cyp21a2, hsd3b1 and fdx1b ( Figure 2B1 ,C1,E1,F1,G1,J1; see also Supporting information, Figure S1 ). fdx1 transcript was detected in the liver and in the gut ( Figure 2I1 ; see also Supporting information, Figure S1 ). The specificity of the staining was shown in parallel using the respective sense probes against the transcripts of interest (Figure 2A2-J2 ; see also Supporting information, Figure S1 ). brains. We observed a wide expression for the examined genes throughout the adult zebrafish brain from the junction between the olfactory bulbs and the dorsal area of the telencephalon to the more caudal parts of the encephalon including the cerebellum (Figures 3-5 ). The specificity of the labelling was confirmed with either the corresponding sense probes (for cyp11a1, cyp11c1, cyp17a2, cyp21a2, hsd3b1, hsd3b2, fdx1, fdx1b) (see Supporting information, Figure S4A) or, alternatively, with a second non-overlapping anti-sense probe (for cyp11a2 and cyp17a1) (see Supporting information, Figure S4B ).
| Spatial
At the junction between the olfactory bulbs and the telencephalon, the examined steroidogenic genes are weakly expressed in the dorsal telencephalic area (Figure 3, column 1 In the most posterior part of the brain, the examined genes are detected in the cerebellum (CCe), notably in the cells surrounding the rhombencephalic ventricle ( Figure 5 , row I).
It is noteworthy that heterogeneity in staining intensities was observed between several brain tissues hybridised with the same probes within an experiment. Thus, even though spatial expression is the same, some brains appear to be labelled faster by the very same probe than others. As we have used only male fish with similar age for the present study, the heterogeneity observed cannot be attributed to age or sex differences. It remains unclear whether other inter-individual differences in, for example, the reproductive/hormonal status might explain the observed differences in expression levels of steroidogenic enzymes in the brains between fish.
| The adult zebrafish brain has the capacity to synthesise steroids de novo
We next investigated the question whether the expressed genes of glucocorticoid biosynthesis in the adult zebrafish brain are ca- androstenedione, testosterone, dihydro-testosterone, oestrone, oestradiol, progesterone, and dihydro-and tetrahydro-progesterone has been described previously. 7 Taken together, the zebrafish brain has the capacity for de novo synthesis of glucocorticoids and neurosteroids relying on enzymes involved in this pathway. This suggests that the steroidogenic enzymes of glucocorticoid biosynthesis in the adult zebrafish brain are part of functional pathways of de novo steroid hormone and neurosteroid synthesis in the adult brain of zebrafish.
F I G U R E 2 Spatial expression of the main glucocorticoid biosynthesis genes and the fdx co-factors in zebrafish larvae. (A1-J2) Spatial expression of cyp (cyp11a1, cyp11a2, cyp11c1, cyp17a1, cyp17a2, cyp21a2), hsd3 (hsd3b1, hsd3b2) and ferredoxin genes (fdx1 and fdx1b) in 120 hpf larvae from lateral view. Arrowhead indicates the interrenal gland. Specific staining of the interrenal gland is detected for cyp11a2, cyp11c1, cyp17a2, cyp21a2, hsd3b1and fdx1b. Expression of fdx1 is detected in the gut and the liver. No specific staining is observed for the cyp11a1, cyp17a1 and hsd3b2 probes. Corresponding sense probes were used to confirm the specificity of the staining. Scale bar = 0.5 mm 
| D ISCUSS I ON
| Expression studies during zebrafish development
In the present study, we report a comprehensive study analysing the expression profiles of the steroidogenic enzymes involved in glucocorticoid biosynthesis, as well as the mitochondrial electron-providing co-factors ferredoxin (fdx1, fdx1b), in zebrafish.
Our results provide clear evidence that steroidogenic genes of glucocorticoid biosynthesis and the fdx co-factors are expressed during the initial days of zebrafish development. Transcript levels of all genes are already detected within the first 24 hours of development,
suggesting an early developmental function of these genes in the zebrafish embryo. Indeed, cyp11a1-mediated pregnenolone biosynthesis is required to enable the first embryonic cell movement in the F I G U R E 3 Gene expression analysis of glucocorticoid biosynthesis and fdx genes in the adult zebrafish brain. (A1-A5) Schematic indication of anatomical subdomains at the levels of the sections in (B-K) 88 (a higher magnification of the different brain regions and an overview about the nomenclature is provided in the Supporting information, Figure S3 ). Indicated in red are zones of proliferation revealed by proliferative cell nuclear antigen (PCNA) and/or bromodeoxyuridine labelling.
74,89 (B1-K5)
In situ hybridisations with anti-sense probes for the glucocorticoid biosynthesis genes (cyp11a1, cyp11a2, cyp11c1, cyp17a1, cyp17a2, cyp21a2, hsd3b1, hsd3b2) and for the fdx co-factors (fdx1, fdx1b) in representative transverse sections through the olfactory bulb/telencephalon junction (first column), the telencephalon (second column), the posterior part of the preoptic area (third column), the mediobasal (fourth column) and the caudal (last column) hypothalamus. Transcripts of the examined steroidogenic enzymes and the fdx1 co-factors are widely expressed in the brain, notably in the telencephalon, the hypothalamus, and the tectum, and a display overlapping the distribution. 
embryo, namely epiboly, by stabilising yolk microtubules. 40, 43 The current literature suggests important functions of cortisol, including craniofacial development, 44 mesoderm formation and muscle development. 45 Furthermore, during later embryonic stages, cortisol biosynthesis has been suggested to play an important role in hatching and swimming activity, 46 the stress response 47 and even in larval food consumption. 48 The zebrafish interrenal gland is the equivalent organ of the mammalian adrenal gland. 18, 19 In zebrafish, it produces cortisol starting at 48 hpf. 20, 49 However, endogenous release of cortisol in response to various stressors leading to downstream gene transcription occurs later during embryonic development, between 96 and 120 hpf. 20, 21, 50 The cyp11c1 transcript can be identified in all stages examined, with a peak after the long-pec (48 hpf) stage, and it is also expressed in the interrenal gland. cyp11c1 is known to catalyse the final step of glucocorticoid biosynthesis from 11-deoxycortisol to cortisol in zebrafish. 46 Transcript levels of cyp11a2, hsd3b1 and fdx1b compared to their respective paralogues are high at larval stages including 120 hpf, which is also the case for cyp21a2. Importantly, cyp11a2, hsd3b1, cyp21a2 and fdx1b are expressed in the larval interrenal gland. Overall, our data suggest complementary temporal expression of the duplicated steroidogenic genes of glucocorticoid biosynthesis and the fdx co-factors. Thus, it is tempting to speculate that only the later highly expressed genes, which are also expressed in the larval interrenal gland, have functions similar to those in mammals with respect to glucocorticoid biosynthesis during larval stages.
Indeed, recent studies have demonstrated that cyp11a2, fdx1b and hsd3b1, but not their corresponding paralogues, are involved in cortisol synthesis in zebrafish. [28] [29] [30] In addition, we have recently shown a key role for cyp21a2 in glucocorticoid biosynthesis in zebrafish. 
(H2) (G4) (G2) (F2) F I G U R E 5 Schematic distribution of glucocorticoid biosynthesis and fdx genes in the adult zebrafish brain. Mapping of steroidogenic enzymes and fdx mRNA-expressing cells in representative transversal brain sections taken from the zebrafish brain atlas 88 through the junction between the olfactory bulbs and the dorsal telencephalon (A), the telencephalon (B), the anterior (C) and the posterior (D) parts of the preoptic area, the anterior (E) and mediobasal (F) hypothalamus, the posterior and lateral recess of the hypothalamus (G, H), and the cerebellum (I). A higher magnification of the different brain regions and an overview about the nomenclature is provided in the Supporting information ( Figure S3 ). The steroidogenic enzymes, as well as fdx co-factors, are widely expressed in the brain, notably in the telencephalon, diencephalon and rhombencephalon, and they exhibit overlapping distributions as clearly indicated by the schematic distribution. The first column shows the distribution of aromatase B-positive radial glial cells, 73 acting as neural stem cells, and highlights the overlap with other steroidogenic enzymes and fdx1 along the ventricular layer. [73] [74] [75] Cyp19a1b gene expression has been reported by Menuet et al. 73 Note that Furthermore, cyp17a2 is the only cyp17 gene that can be detected in the interrenal gland at 120 hpf, whereas cyp17a1 cannot be visualised in any specific larval organ, suggesting a less specific distribution of this transcript in larvae. Importantly, both zebrafish cyp17 genes have a 17α-hydroxylation reaction function, which is required for the biosynthesis of glucocorticoids. 31 However, in fish, cyp17a2 promotes 17α-hydroxylation of progesterone and pregnenolone more efficiently, whereas, in addition, cyp17a1 possesses 17,20-lyase activity, as required for the biosynthesis of androgens. 31 Therefore, it is highly likely that cyp17a2 is involved in the biosynthesis of glucocorticoids during larval stages, whereas cyp17a1 might be important for steroidogenesis later during development, when the gonads are developed [52] [53] [54] and sex steroid synthesis in fish is also required. Support for this assumption is provided by observations showing that androgen precursor androstenedione cannot be detected in 120 hpf zebrafish larvae 51 and that both cyp17 genes can be detected in the kidney head of adult zebrafish with much higher expression levels for cyp17a1 (28 fpkm) than for cyp17a2 (0.3 fpkm) (ArrayExpress database; http://www.ebi.ac.uk/arrayexpress, accession number E-MTAB-460).
| Expression studies in the brain of adult zebrafish
Little is known about the expression of steroidogenic enzymes and the fdx co-factors in the adult zebrafish brain. Previous studies have
analysed the spatial expression and activity of three steroidogenic enzymes (Cyp11a, Hsd3b and Cyp17) in the zebrafish adult brain.
7,27
However, a further in-depth study analysing the expression of the whole set of the steroidogenic genes of glucocorticoid biosynthesis has been reported in several regions of the human brain, including the amygdala, caudate nucleus, corpus callosum, hippocampus, cerebellum and thalamus. 55 CYP11B1 was detected in the thalamus 55 and CYP11A1, HSD3B2 and CYP21A2 were found in in the hippocampus and cerebellum. 56 Similarly, in rodents, Cyp17a1 and Hsd3b expression was described in various brain regions, including the cortex, the hypothalamus, the thalamus and the cerebellum. 57, 58 Thus, there appears to be some type of conserved distribution in regions such as the hypothalamus, the thalamus and the cerebellum with respect to steroidogenic gene expression between fish and mammals.
Previous semi-quantitative based PCR expression studies using whole adult zebrafish brain tissue have reported that only cyp11a2, and not cyp11a1, is expressed in the whole zebrafish brain. 28 We detected the expression of both cyp11a1 and cyp11a2 in the adult brain with two independent techniques (quantitative RT-PCR and wholemount in situ hybridisation). This discrepancy might be explained by the overall higher sensitivity of our used techniques compared to semi-quantitative PCR.
Neurosteroids are known to be important for brain development and homeostasis, 5 neuroprotection 6 and neurogenesis. 7, 8 They can also act as allosteric modulators of neurotransmitter receptors such as GABA A . [59] [60] [61] We showed that cortisol is present in the adult zebrafish brain and that cortisol and THDOC can be biosynthesised de novo from radiolabelled pregnenolone. The production of THDOC as the previous report of de novo synthesis of dihydrotestosterone 7 is indicative of enzymatic 5α reductase activity in the adult zebrafish brain. Interestingly, previous studies have suggested a role for 11-hydroxysteroid dehydrogenase type 2 in the regulation of the response to stress in the brain, 62 whereas the expression of the cortisol inactivating 20β hydroxysteroid dehydrogenase has not yet been analysed. 63 THDOC is a well-described potent positive allosteric modulator of GABA A receptors. [64] [65] [66] Furthermore, the distribution of GABAergic neurones in the brain overlaps with the expression of our examined steroidogenic genes and fdx1 co-factors. For example, the GABA-synthesising enzyme gad67 is widely expressed in the zebrafish telencephalon (subpallium and pallium), the preoptic area, the thalamus, the hypothalamus and the optic tectum, 67-69 whereas gad65 is expressed in the cerebellum. 70 In addition, dlx5, a gene that regulates the production of GABA-synthesising enzymes 71 has been shown to be expressed in the subpallium of adult zebrafish.
72
There is a clear overlap in expression of the steroidogenic enzymes of glucocorticoid biosynthesis and fdx co-factors with the distribution of GABA-synthesising enzymes in the adult zebrafish brain.
Thus, we hypothesise that neurosteroids in zebrafish might modulate the activity of neurotransmitters system, as is the case in mammals. Future functional studies will be required to clarify the role of the steroidogenic genes and fdx co-factors in the neurobiology of zebrafish.
The spatial distribution of the steroidogenic genes involved in glucocorticoid biosynthesis and the fdx co-factors suggest the expression of these steroids in neurones. In particular, their expression along the ventricular and periventricular layers, which is known to correspond to neurogenic regions, indicates a potential expression of these genes in neural stem cells and/or neural progenitors, as previously described for the sex steroid-synthesising enzyme aromatase B (cyp19a1b) and for other steroidogenic enzymes. 7, [73] [74] [75] [76] This is in line with the idea that radial glia cells in fish have a wide steroidogenic capacity. 76, 77 The distribution of steroidogenic genes of glucocorticoid biosynthesis and the fdx1 gene along the ventricular/ periventricular layer suggests a role for locally-synthesised steroids in the regulation of adult neurogenesis and cerebral homeostasis.
Indeed, locally synthesised steroids and/or peripheral steroids can modulate neural progenitor activity, as previously demonstrated for cyp19a1b and oestrogens. 78, 79 It will be interesting to determine whether zebrafish neurosteroids can modulate synaptic plasticity and display neuroprotective effects, or whether they play regenerative roles in stroke and neurodegenerative disease, as is the case in mammals. [80] [81] [82] [83] In zebrafish, it has previously been shown that the synthetic glucocorticoid dexamethasone decreases injury-induced proliferation of radial glial cells after stab wounding of the telencephalon, although it does not have any effect on constitutive neurogenesis at the proliferative step. 84 However, to our knowledge, no data are available about a potential effect of dexamethasone on migration, differentiation and cell survival of newborn neurones.
This observation, however, might also be explained by drug-specific properties of dexamethasone or by the fact that other neurosteroids are involved in such processes.
Although the analysed genes are essential for de novo glucocorticoid biosynthesis in other tissues, it has to be emphasised that their catalytic function might not necessarily be restricted to de novo glucocorticoid biosynthesis in the adult brain. Despite 21-hydroxylase activity in human adult brain, 85 human CYP21A2 is only expressed at low levels, 86 thus leading to the idea that enzymes other than CYP21A2 might confer 21-hydroxylase activity in the adult brain.
Indeed, a study in rat brain microsomes has suggested that the isoform CYP2D4 acts as a steroid 21-hydoxylase. 87 Thus, it remains to be clarified whether the expression of steroidogenic enzymes in the brain is relevant for de novo glucocorticoids synthesis or whether they are involved in other pathways in the adult brain.
Taken together, the findings of the present study lay a strong foundation for understanding the spatio-temporal distribution of the steroidogenic enzymes of glucocorticoid biosynthesis and the fdx1 co-factors during development and in the adult zebrafish brain. Notably, it reports the expression of the examined genes in areas known for adult neurogenesis, as well as in GABAergic transmission, suggesting a potential role for those genes in neurogenesis and GABA signalling. Furthermore, the zebrafish brain is shown to be capable of de novo synthesis of glucocorticoids or other neurosteroids from pregnenolone. Future studies will help to increase our understanding of the role of the examined genes in those brain regions, especially for adult neurogenesis and brain homeostasis.
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